Rapid fraction (F1)

ision constants bf Htt-polyQ proteins under CCT-depleted and normal condition
Slow fraction (F2)
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RNAi  Diffusion time (us) (p;‘é‘;tnet‘;’ge) Diﬁ”?g’s time (pf,‘;‘g;i';‘ge) ¥ D, (ums™) D, (um?s)
GFP NS 707+ 1.5 100 - - 119+176x10¢ 85808 -
GFP ccr 70721 100 - - 167 £2.61x10° 85.9+1.9 -
QI9-GFP NS 86.3 £ 4.0 100 - - 7432 1133x 107 7032238 -
QL9-GFP  CCTg 86.0+3.6 100 - - 5.24+8.45x 107 706 £ 2.0 -
Q82-GFP NS 86.0° 95.4:0.9 11224416 4609 7.562.10x 10 716+ 1.9 8337
Q82-GFP  CCTC 86.0° 913:24 4255+1920 87+24 1.845012x 10°¢ 71619 30:18
YFP NS 77.7+3.1 100 - - 3.22:0.24x 10 84215 N
YFP ccr 78335 100 - - 513337 x10° 83521 _
HIQ23-YFP NS 1473+ 15 100 - - 6.76 £3.53 x 10° 443+1.3 -
HUtQ23-YFP  CCTL  147.7+3.1 100 - - 6.61+1.83x10° 4435215 -
HIQL43-YFP NS 150.0° 98.8+04 485941897 1204 171£255% 10° 436+ 1.1° 15+0.7
HUtQL43-YFP  CCTL 150.0¢ 93.5+15 549342540 6515 3732216 10° 436+ 1.1 1305

Diffusion time and constant (D} were estimated by curve fitting of the polyQ-GEP or Htt-YFP FCS data at 72 h (mean = s.d. of three independent experiments). The deviations of diffusion constant were derived from
difference between measured samples and variance of the diffusion time of Rh6G used as a standard {see Methods). The data of GFP, Q19-GFP, YEP and HuQ23-YFEP were analysed by one component model whereas
the Q82-GFP and HttQ143-YFP data were analysed by two component model to provide the best fit. Significance of curve fitting was analyzed by % test. “To accurately estimate the diffusion time and content of the
second component (soluble aggregates) at 72 h, the diffusion time of the first component was fixed to the values of monomers that were determined at 24 h. *The variance of D values was provided from variance of

the diffusion time of Rh6G used as a standard whereas the diffusion time of the first component was fixed.

indicate that the effect of knockdown of different subunits of CCT is
an enhancement of polyQ aggregation. These observations are consist-
ent with the fact that all eight subunits are essential to form functional
chaperonin complex.

The morphological characteristics of Q82-YFP inclusions observed
in CCT{ knockdown cells were indistinguishable from control Q82-YFP
expressing cells in terms of the numbers of aggregate structures per
cell, aggregate size or perinuclear localization (Fig. 1e). Consistent with
the observed increase in the number of cells with aggregates, cellulose-
acetate filter-trap assay of cell lysates indicated that the cells depleted of
CCT have increased levels of Q82-YFP aggregates (1.7-fold), whereas
cells expressing either Q19-YFP or YFP alone did not form aggregates,
even after CCT{ knockdown (Fig. 1f).

We next examined whether changes in the levels of CCT influenced
Htt phenoytpes using HeLa cells stably expressing HttQ143-YFP or
HttQ23-YFP under the control of Tet-off system. In HttQ143-YFP
cells transfected with the CCT{ knockdown vector (transfected cells
were identified by cotransfection with mRFP1 vector), the fraction of
cells with aggregates increased 2.8-fold (Fig. 2a). Aggregate size and
morphology was unaltered (Fig. 2b) similar to previous reports®?,
Consistent with the observed increase in numbers of aggregate-con-
taining cell numbers, 2 7.5-fold increase in aggregated Htt protein levels
was detected by the filter trap assay (Fig. 2c). Aggregation of HttQ55
fused with a HA tag consisting of only ten amino acids was also stimu-
lated by depletion of each of two different subunits tested (Fig. 2d and
see Supplementary Information, Fig. S2c), confirming that the stimula-
tion of Htt aggregation by depletion of specific CCT subunits was not
influenced by the heterologous presence of the YFP (GEP) tag. Thus,
CCT is required to prevent the aggregation of polyQ-expansion proteins,
including Htt.

It has been shown previously that Hsp70 inhibits polyQ aggregation
in vitro and in vivo™*. Hsp70 colocalizes to Hit-polyQ aggregates and
exhibits dynamic interactions in human cells unlike other associated
cellular proteins that are stably sequestered”. We therefore examined
the subcellular localization of CCT in Htt aggregate-containing cells

by immunostaining and detected the diffuse distribution of CCT
throughout the cytosol, but not in association with visible Htt inclu-
sions (Fig. 2e). Similar results were obtained for Q82-YFP inclusions
(see Supplementary Information, Fig. Sle). These results are consist-
ent with the distinct chaperone activities between CCT and Hsp70. As
CCT functions as a cage for folding reactions, we postulate that CCT
is diffusely distributed in the cytosol in proximity of translating ribos-
omes. Consistent with this notion, colocalization of CCT with soluble
HttQ143-YFP and ribosomes was observed in cells with no visible inclu-
sion (Fig. 2f). Thus, CCT may affect aggregation process of Hit at an
earlier soluble stage.

To address how CCT influences polyQ aggregation states, we employed
dynamic imaging methods. Fluorescence recovery after photobleaching
(FRAP) analysis did not reveal any differences in the mobility of polyQ-
GFP on depletion of CCT (see Supplementary Information, Fig. S3),
therefore we turned to fluorescence correlation spectroscopy, a method
developed for the analysis of rapid movement of fluorescent molecules
at near single molecule levels**. After cotransfection of HEK293 cells
with polyQ~GFP and RNAi vectors for 72 h, cell extracts were prepared
and the soluble fractions were analysed by fluorescence correlation spec-
troscopy. The record of fluorescent fluctuation indicated that significant
numbers of slowly diffusing bright molecules were passing through the
confocal volume in the soluble fraction prepared from cells expressing
Q82-GFP or HttQ143~YFP under CCT depleted conditions (Fig. 3a).
The shift of correlation curves to larger diffusion times of Q82-GFP by
CCT{ depletion indicates that molecular sizes of the polyQ protein have
become significantly larger as the levels of CCT are reduced (Fig. 3b).
In contrast, Q19-GEP or GEP alone exhibited no significant difference
in diffusion on CCT depletion. Curve fitting of these data (Table 1)
indicates that a fraction of Q82-GFP (F2) diffuses much more slowly
than monomer (ractions (F1), even in the untreated cells. The diffu-
sion constants of these fractions indicate that the slow fraction diffuses
eightfold (or greater) more slowly than monomers and that the content
of the slow {raction was increased by twofold (8.7% versus 4.6%) after
CCT{ knockdown. Similarly, an increase in diffusion mobility in the

NATURE CELL BIOLOGY VOLUME 8 | NUMBER 10 | OCTOBER 2006

1167

©2006 Nature Publishing Group



LETTERS

a b c d
g
25 &
B 25 14 £ 18
= 3 12 o 16
o
g2 &3 ° 20 -[— )
B £ 5 10 3 0
O £ 12 ¢
5 18 525 8 s > .
= 5t 9 e £ 10
3@ T @ c
g 10 £ 5o 55 5 e
@ T o O o 5 6
s o~ = 3
T 5 ; , 5 5 g 4
© ; < g
olen = | ot 11 ¢ LHL M
auai NS CCTL NS ccrr NS cer RNAL NS CCT 2 7 Control CCT ofe

HttQ78-GFP

10% Sucrose
.

HitQ78-GFP

GFP

HttQ23-GFP HtQ78-GFP

40% Sucrose
e

80%
B

12 3 45 6 7 8 9 1011121314 15 16 17 18 19 20

Expression:  GFP HttQ23-GFP  HitQ78-GFP
e f
CCT expression
CcCT
vectors expression
- L vectors
CCT8 B - ‘
WB:CCTB )
+
GAPDH

Figure 4 CCT prevents Htt toxicity and aggregation in neuronal cells.

(a) CCT{ depletion enhances Htt-induced neuronal cell death. Mouse
Neuro2a cells were transfected with Htt-GFP expression vector along with
CCT{ RNAI or nonspecific RNAi vectors. Cells were stained by propidium
iodide to monitor cell death and percentage in GFP expressing cells

were calculated (n = 3). (b) CCT{ depletion enhances Htt aggregation

in Neuro2a cells (n = 3). (¢} CCT overexpression reduces Htt-induced
neuronal cell death. Neuro2a cells were cotransfected with expression

soluble fraction of HttQ143-YFP expressing HeLa cells was observed,
whereas HttQ23-YFP and YEP showed no difference (Fig. 3b). The dif-
fusion of the slow fraction of HttQ143-YFEP was 30-fold slower than
monomers and its relative content was increased significantly (1.2% to
6.5%) by CCT depletion (Table 1). In contrast, no difference of diffusion
mobility was observed at earlier times of 24 or 48 h (see Supplementary
Information, Fig. $4). The slow fraction of Q82-YFP or HttQ143-YFP
thus appeared within the last 24 h of the 72 h RNAI treatment, corre-
sponding to the same period when visible aggregates formed (no aggre-
gates were observed at 24 and 48 h treatment, data not shown). Soluble
aggregates of Q82-GFP were also detected in CCT-depleted cells using
sucrose gradient centrifugation followed by western blotting, whereas
they were hardly detected in control cells probably due Lo the detection
limit of the method (see Supplementary Information, Fig. S1f). Taken
together, these data support the hypothesis that inhibition of CCT func-
tion enhances the appearance of soluble Hit-polyQ aggregates leading
to the formation of visible inclusions.

To examine whether changes in the level of CCT also affected Htt-
polyQ-induced neuronal cell death, Htt was expressed in Neuro2a cells
where CCT subunits were depleted. Reduction of CCT subunits resulted
in a near doubling of polyQ expansion-dependent cell death (Fig. 4a),
together with a (wofold stimulation of aggregation (Fig. 4b). We next
asked whether overexpression of CCT subunits would suppress Htt-
polyQ aggregation and cytotoxicity. To achieve increased expression of
the CCT complex, Neuro2a cells were cotransfected with expression vec-
tors for all eight CCT subunits (Fig. 4e, [). This resulted in a significant
inhibition of HtQ78 aggregation in Neuro2a cells (Fig. 4d) and polyQ82

[
Monomer

[E——
Complex

vectors of Htt-GFP and all eight CCT subunits. ofe, overexpression,

(d) CCT overexpression reduces Htt aggregation in Neuro2a cells (n = 3).
(e) Neuro2a cells were transfected with expression vectors of all eight CCT
subunits and total proteins extracted were analysed by western blotting.

(f) The extracts described in e were fractionated by sucrose gradient
centrifugation and subsequently analysed by western blotting using anti-
CCTB antibody. Single asterisk indicates P 0.05; double asterisk indicates
P 0.01. The error bars represnt s.d.

aggregation in HEK293 cells (see Supplementary Information, Fig. Slg).
In contrast, overexpression of only a single subunit of CCT had no effect
on polyQ82 aggregation (see Supplementary Information, Fig, Sth).
Simultaneous overexpression of all eight CCT subunits reduced cell
death of the Neuro2a expressing HttQ78 by more than 50% (Fig. 4¢),
thus indicating that CCT has a positive protective role against the cyto-
toxicity of polyQ-expansion proteins like Hitt.

Here, we have shown that changes in the levels of the cytosolic chap-
eronin CCT affect the aggregation state and toxicity of Htt-polyQ pro-
teins in mammalian cells. RNAi knockdown of CCT subunits disrupt the
CCT complex and consequently blocks its ability to trap substrates's'”,

Intriguingly, our fluorescence correlation spectroscopy experiments ~

revealed that depletion of CCT subunits results in the appearance of
soluble polymeric Htt-polyQ species, whereas CCT knockdown does not
alter size or morphology of finally formed visible aggregates. Thus, CCT
seems to inhibit aggregate formation at an earlier soluble stage.

Using an in vitro translation system reconstituted with purified pro-
teins, we recently demonstrated that CCT prevents aggregation of newly
synthesized GB'®, a WD40 repeat protein very rich in B-sheets. Detailed
analysis of the CCT binding regions in G revealed that CCT specifically
recognize hydrophobic B-strands. Thus, a specific function of CCT may
be to protect against aggregation of hydrophobic B-sheets. Consistent
with this proposal, CCT has been shown to bind hydrophobic $-strands
in VHL* and interact with the WD40 family B-sheet rich proteins in
vivo™, As polyQ repeats are known to form p-sheet structures in aggre-
gates, CCT may be essential for trapping B-sheet structures required for
aggregate formation.
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HSP70 has been shown to prevent Hit-polyQ aggregation in vitro®
and transiently interacts with visible aggregates in vivo™. In contrast,
we show here that CCT subunits do not concentrate in the visible
Htt-polyQ aggregate structure but rather remain localized through-
out the cytosol. As CCT functions as a cage-like machine that assists in
folding of substrates by trapping them within the cavity, the structure
of CCT may prevent association with large insoluble inclusions. Our
data from fluorescence correlation spectroscopy analysis supports this
hypothesis because CCT affects the formation of soluble aggregates but
not of the large visible aggregates. Although we do not know the exact
mechanism by which CCT affects polyQ folding, these observations
suggest a biochemical process that is distinct from the mechanisms
proposed for Hsp70 interaction with unfolded and partially folded
substrates. Differences in the levels of the Hsp70 and CCT chaperones
could therefore influence aspects of cell type sensitivity to the stress of
misfolded proteins.

Overexpression of the CCT complex has a significant inhibitory effect
on the aggregation and cytotoxicity of Htt-polyQ in mammalian cells.
Therefore, modulation of CCT function may offer an approach to pre-
vent neurodegenerative disorders caused by protein aggregation includ-
ing polyQ diseases. 0

Note added proof: a related manuscript by Tam et al. (Nature Cell Biol. 8, doi:
10.1038/ncb1477; 2006) is also published in this issue.

METHODS

Constructs. Plasmid vectors expressing siRNAs for 21-nucleotide target
sequences of human CCT{-I mRNA (AAGTCTGTGGCGATTCAGATA),
human CCTa mRNA (AAATACTAAGGCTCGTACGTC) and mouse CCT{-1
mRNA (AAGTCTGTGGTGACTCAGATA) were constructed using pSUPER
(OligoEngine, Seattle, WA). A non-silencing control vector expressing non-
specific siRNA (NS-pSUPER) was obtained from Dharmacon, Lafayette, CO.
Expression vectors for polyQ-EYFP and polyQ-EGFP were described previ-
ously***', Expression vectors for Htt-exon-1 fused with EYFP were produced
as previously described” and the Htt-exon-1 gene inserts were then subcloned
into pEGFP-N1 (Invitrogen, Carlsbad, CA) for Hitt-EGFP expression vectors.
mRFP1 expression vector was constructed by excising the mRFP1 insert from
mRFP1-pRsetB” and subcloned into pEGFP-CI vector after removing the EGFP
segment. For overexpression of eight CCT subunits, human ¢DNAs of individual
subunits were separately cloned into pCAGGS expression vector.

Cell culture, transfection and biochemical analysis. JEK293, Hela and
Neuro2a cells were cultured in DMEM supplemented with 10% foetal bovine
serum. HeLa stable cell lines carrying Tet-off-regulated Htt-EYFP genes were
cloned and maintained as previously described®. HEK293, HeLa and Neuro2a
cells were transfeceted using Lipofectamine 2000, Optifect (Invitrogen) and
Effectene (Qiagen, Dusseldorf, Germany), respectively. For the HeLa sta-
ble cell lines, they were cotransfected with mRFP1 and other plasmids, and
cells emitting red colour signals for mRFP1 were considered transfected
cells. Determination of protein concentration, western blotting analysis and
sucrose gradient fractionation were performed as previously described®.
For CCT subunit overexpression experiments, Neuro2a cells (3.5-cm dish)
were transfected with the eight CCT subunit expression vectors (10 ng each),
Htt-GFP (100 ng) and empty pCAGGS (320 ng). For control experiments,
the CCT subunit expression vectors were replaced by the same amount of
empty pCAGGS.

Analysis of aggregate-containing cells. Cells were grown on coverslips coated
with poly-1-lysine for HEK293 cells, type I collagen for HeLa cellsor type IV col-
lagen for Neuro2A cells, respectively. At 72 h after transfection, cells were fixed
with 4% paraformaldehyde in PBS for 15 min and stained with Hoechst 33342,
Images were taken by an Axioplan2 microscope with Plan-NeoFluar 40x 0.75 NA
objective (Carl Zeiss, Jena, Germany).

LETTERS

Analysis of cell death. Neuro2a cells were grown on ¢27 glass-bottom dish coated
with type IV collagen for 16 h. Immediately after transfection of Htt~-GFP expres-
sion vectors, neuronal cell ditferentiation was induced by addition of 5 mM dibu-
tyryl cCAMP for 72 h. Celis stained with propidium iodide (1 ug mI') were counted
as dead cells using a Biozero digital microscope (Keyence, Osaka, Japan) through
a PlanFluor 10x 0.30 NA objective (Nikon, Tokyo, Japan).

Filter-trap assay. Cells were lysed in PBS containing 0.5% Triton X-100 and pro-
tein concentrations were determined. Lysates were diluted in 19 SDS-PBS and
boiled for 5 min. Immediately after cooling, samples were loaded onto cellulose
acetate membrane (0.2 um) settled on a dot blotter (Bio-Rad, Hercules, CA). After
blocking with 196 skim milk and 0.05% Tiveen 20 in PBS overnight, the membrane
was incubated with mouse anti-GFP antibody (GA200, Nacalai Tesque, Kyoto,
Japan) and alkaline-phosphatase conjugated anti-mouse IgG antibody (Biosource,
Camarillo, CA). Alkaline-phosphatase activity was detected by developing in
NBT-BCIP (nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3"-indolyl-
phosphatase p-toluidine salt) solution (Sigma-Aldrich, St Louis, MO).

Immunofluorescence microscopy. Cells grown on coverslips were fixed in meth-
anol at -20 °C for 5 min or 4% paraformaldehyde in PBS at 37 °C for 15 min and
washed three times in PBS. After treatment with 0.5% Triton X-100 and 0.5%
saponin in PBS for 5 min, cells were blocked with 1% BSA, 10% glycerol and 0.02%
Triton X-100 in PBS. Cells were incubated with rabbit anti-CCTy antibody (1:50),
rat anti-HSC70 antibody (1:100, SPA-815, Stressgen, Ann Arbor, MI), mouse
anti-a-tubulin antibody (1:200, DM1A, CalbioChem, San Diego, CA), mouse
anti-GFP antibody (1:100), or goat anti-ribosomal protein L11 (1:50, sc-25931,
SantaCruz, Santa Cruz, CA) and then with AlexaFluor 488 or 594 conjugated
anti-rabbit, rat, goat, or mouse IgG (1:200, Molecular Probes, Carlsbad, CA). At
the second antibody incubation, cells were costained with 1.0 ug ml' Hoechst
33342 for nuclear staining. Images were collected by LSM 510 META confocal
microscope through a Plan-Apochromat 63x 1.4 NA oil-immersion objective
(Carl Zeiss). The pinhole aperture for Hoechst, YFP and Alexa594 channels were
settled at 84 wm, 94 um and 127 um, respectively.

Fluorescence correlation spectroscopy analysis. Fluorescence correlation spectros-
copy measurements were performed by a ConfoCor 2 system with C-Apochromat
40x 1.2NA water immersion objective lens (Carl Zeiss). EGFP and EYFP were
excited at 488 nm and 514 nm, respectively. Confocal pinhole diametres were
adjusted to 70 um at 488 nm, or 74 um at 514 nm. Emission signals were detected
by a 505 nm long-pass filter for EGFP or a 530-600 nm band-pass filter for EYFP.
Cells (3.5-cm dish) were lysed in 0.2 ml PBS by passing through a 27 gauge needle
and the supernatant was recovered after centrifugation (10,000g, 2 min) and diluted
appropriately. Fluorescence signals of the supernatant were recorded on Lab-Tek
8-well chamber slides at 25 °C. The fluorescence autocorrelation functions, G(z),
from which the average residence time (7) and the absolute number of fluorescent
proteins in the detection volume are calculated, are obtained as follows:

ity
Y2
where I (f + 1) is the fluorescence intensity obtained by the single photon count-

ing method in a detection volume at a delay time 7 (brackets denote ensemble
averages). The curve fitting for the multi-component model is given by:

Glt)

-1

6= 1+%Zy,~ (H%;) (1+5-§-Ti)

where y and 7, are the fraction and the diffusion time of the component i, respec-
tively; N is the average number of fluorescent molecules in the detection volume defined
by the beam waist w, and the axial radius z ; and s is the structure parameter represent-
ing the ratio of w, and z . All G({r)s in aqueous solutions were measured ten times for
20 5. After pinhole adjustment, diffusion time and structure parameter were determined
usinga 107 M rhodamine 6G (Rh6G) solution asa standard before measurements. The
values of structural parameters were 6.1-6.6 for GFP and 5.5-6.6 for YFP, respectively.
The diffusion constants of fluorescent molecules (D} were calculated from the
published diffusion constant of Rh6G, D, (280 um?® s7) and measured diffusion
times of Rh6G at the condition (Tsc) and probe proteins (7 ) as follows:

suhiply

D,

sample _ TRhéG
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Note: Supplementary Information is available on the Nature Cell Biology website.
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SUPPLEMENTARY INFORMATION

Figure S1 PolyQ aggregation in HEK293 cells under CCT depletion and
overexpression conditions. Cells were transfected with CCTa RNAI or
nonspecific RNAi vectors and analyzed by western blotting (a) or sucrose
gradient centrifugation (b). Nonspecific RNAi (NS) vector exhibits no
difference to GCTE scrambled RNAI (CCTE-SC, AAGAGTCGGCTGAGTATCATT)
vector for levels of CCT{, protein {c) and polyQ aggregation {n=3)

(d). (e) Immunofiuorescent staining of CCTy, HSC70 and a-tubulin in Q82-
YFP aggregate containing celis without RNAI treatment. Bar=10 um.

(f) Sucrose gradient fractionation of Q82-GFP expressed under CCT(
depleted or normal conditions. Supernatant after centrifugation (600xg, 2
min) was analyzed. Overexpression of alt CCT subunits (g), but not of CCTE
subunit alone (h), inhibits Q82-GFP aggregation (n=3). *, P 0.05.
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Figure $1 PolyQ aggregation in HEK293 cells under CCT depletion and {d). (e) Immunofiuorescent staining of CCTy. HSC70 and a-tubulin in Q82-
overexpression conditions. Cells were transfected with CCTa RNAI or YFP aggregate containing cells without RNAI treatment. Bar=10 um.
nonspecific RNAi vectors and analyzed by western blotting (a) or sucrose {f) Sucrose gradient fractionation of Q82-GFP expressed under CCT{
gradient centrifugation (b). Nonspecific RNAI (NS} vector exhibits no depleted or normal conditions. Supernatant after centrifugation (600xg, 2
difference to CCT{ scrambled RNAi (CCTE-sC, AAGAGTCGGCTGAGTATCATT)  min) was analyzed. Overexpression of all CCT subunits (g). but not of CCTE
vector for levels of CCTE protein (c) and polyQ aggregation (n=3) subunit alone (h), inhibits Q82-GFP aggregation (n=3). *, P 0.05.
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Figure S4 FCS analysis of htt/polyQ proteins under CCT-knockdown control {blue) cells are shown for polyQ-GFP in HEK293 cells after 24 h
conditions at 24 and 48 h. Supernatant after centrifugation (600xg, 2 min) (a) 48 h (b) of transfection, or htt-YFP in Hela cell lines after 24 h
of cell lysate was analyzed. Correlation curves of CCT{-depleted {red) and (c) or 48 h (d) of induction.
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Dynamics of yeast prion aggregates in single living cells
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1]

Prions are propagating proteins that are ordered protein aggregates, in which the phenotypic trait
is retained in the altered protein conformers.To understand the dynamics of the prion aggregates
in living cells, we directly monitored the fate of the aggregates using an on-chip single-cell
cultivation system as well as fluorescence correlation spectroscopy (FCS). Single-cell imaging
revealed that the visible foci of yeast prion Sup35 fused with GFP are dispersed throughout the
cytoplasm during cell growth, but retain the prion phenotype. FCS showed that [PSI*] cells,

irrespective of the presence of foci, contain diffuse oligomers, which are transmitted to their
daughter cells. Single-cell observations of the oligomer-based transmission provide a link between
previous in vivo and in vitro analyses of the prion and shed light on the relationship between the

protein conformation and the phenotype.

Introduction

Prions are infectious proteins (Prusiner 1998; Weissmann
2004). In the prion, the altered conformers of a protein
autocatalytically convert the normal structure to the altered
form, resulting in deposits of amyloid aggregates. Origi-
nally developed from mammalian neurodegenerative
diseases, the prion concept has been extended to several
non-Mendelian genetic elements in yeast, such as [PSI*)
and [URE3J] (Tuite & Cox 2003; Chien et al. 2004;
Wickner et al. 2004; Shorter & Lindquist 2005). Exten-
- sive studies over the past decade have revealed that yeast
prions are tractable experimental model to investigate
prion phenomena.

The budding yeast Saccharomyces cerevisiae prion [PSI*]
(Cox 1965) is a self-propagating altered conformation
of the translation termination factor Sup35 (eRF3).The
altered polymerized conformation of Sup35 leads to
an increased readthrough of stop codons detected as
nonsense suppression (Cox 1965), Propagation of
[PSI"] is dependent on the glutamine/asparagines-rich
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N-terminal domain of Sup35. In vivo, expression of the
prion-forming domain of Sup35 fused to GFP (Sup35NM-
GFP) in [PSI"] cells generates punctate fluorescent
aggregates (called foci) (Patino et al. 1996), which are
often thought to be a hallmark of the prions (Tuite &
Cox 2003; Chien et al. 2004; Wickner et al. 2004; Shorter
& Lindquist 2005). In vitro, Sup35 fragments containing
the N domain form B-sheet rich amyloid aggregates
{e.g. Glover et al. 1997; King et al. 1997; DePace et al.
1998; Kishimoto et al. 2004; Krzewska & Melki 2006).
Since prions are transmissible, they inherently replicate
themselves in order to propagate the transmissible
entities. Many attempts have been made to elucidate the
transmissible entities in the yeast prion [PSI*]. First,
several genetic analyses combined with fluorescent micro-
scopic observations have suggested that the fuorescent
foci do not directly represent [PSI™}, since the foci are
not always visible in the [PSI*] cells (Borchsenius e al.
2001; Wegrzyn et al, 2001; Zhou et al. 2001; Song et dl.
2005; Wu et al. 2005). Second, number of the entities
that propagate the [PSI*] in yeast (called propagons) has
been calculated from studies on the kinetics of [PSIT)
elimination in the presence of guanidine HCl (Eaglestone
et al. 2000; Cox et al. 2003). Finally, recent in vitro agarose
gel electrophoresis of the [PSI"] lysates have shown that
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prion aggregates are formed by small Sup35 polymers
(8- to 50-mers of Sup35) (Kryndushkin et al. 2003).
Although these accumulating studies have illuminated
the mechanism by which the prion entities propagate,
their conclusions are ambiguous, even confusing, since
the conclusions have been based on ensemble experiments.
For example, the descriptions of the fluorescent foci
have been fluctuating (Wegrzyn et al. 2001; Song et al.
2005; Wu et al. 2005). In addition, there should be a link
between the in vivo and in vitro observations regarding to
the molecular entities of the prion. Although recom-
binant Sup35 amyloid fibrils formed in vitro can induce
the [PSI"] phenotype, the molecular entities critical to
the prion propagation as well as relationship between the
recombinant Sup35 fibrils and the polymers in the
[PSI™] lysates revealed by the electrophoresis are unclear.
To overcome the limitation of the ensemble methods,
here we monitored the fate of the aggregates using an
on-chip single-cell cultivation system together with
fluorescence correlation spectroscopy (FCS) (Lippincott-
Schwartz et al. 2001; Hess et al. 2002). Single-cell imaging
revealed that the visible foci of yeast prion Sup35 fused
with GFP were diffused into the cytoplasm during
cell growth, while retaining the prion phenotype. FCS
revealed that oligomers of Sup35-GFP were diffused
in the cells irrespective of the presence of foci, and then
transmitted to their daughter cells as the phenotypic trait.
Single-cell observations reveal the dynamical nature of
the prion aggregates, which then provides a link between
previous in vivo and in vitro analyses and sheds light on the
molecular entities that connect the protein conformation

and the phenotype.

Results

On-chip single cultivation system to monitor the
fate of the prion aggregates

To monitor the fate of the foci directly we took a single-
cell approach using a self-equipped live cell imaging
apparatus (Inoue efal. 2001a; Umehara ef al. 2003;
Ayano et al. 2004), in which individual cells can be
continuously observed for long periods of time and
the media can be exchanged during cultivation. Micro-
chambers for individual yeast cells were fabricated using
30-pum-thick photoresist on 0.2 mm thick glass slides
(Supplementary Fig. S1).

We used the 74D-694 [PSI"] strain (Tuite & Cox
2003; Wickner et al. 2004; Shorter & Lindquist 2005)
and transiently induced the expression of Sup35-GFP
using the GALT galactose responsive promoter. Single-
cell imaging revealed that a typical 4 h induction led to

Genes to Cells (2006) 11, 1085-1096

the formation of Sup35-GFP foci in the cytoplasm of
[PSI"] cells (data not shown). After stopping further
induction of Sup35-GFP by exchanging the medium for
one lacking galactose, we monitored the fate of the flu-
orescent foci in real time. Individual live cell imaging
showed that the diameter of the foci gradually decreased,
and the foci eventually disappeared (Fig. 1A). A statistical
analysis revealed that 86% of the foci observed (185 out
of 230 cells) were lost,and the half time for disappearance
was approximately 2 h (Fig. 1C).

The disappearance of the foci was not due to GFP
photobleaching. Even 10 h after we stopped cell growth,
by exchanging the synthetic complete (SC) medium
with a nutrient-free isotonic buffer, the foci maintained
their sizes (Fig. 1B,C). The non-growing cells were not
dead, because exchange of the isotonic buffer with SC
medium restored growth, and, as in Fig. 1A, the foci dis-
appeared (data not shown). These results, combined
with the lack of degradation of the intact Sup35-GFP
polypeptides during cell growth (Fig. 1D}, indicate that
the disappearance of foci is not due to photobleaching
or degradation, but due to the dispersal of the foci and
Sup35 throughout the cytoplasm of the cell.

The dynamic nature of the foci was not restricted to
[PSI"] cells. When we conducted similar studies using
another yeast prion, [RNQI] (Sondheimer & Lindquist
2000) also known as [PIN'] (Derkatch etal. 2001;
Osherovich & Weissman 2001), cells expressing Rnql-
GFP also lost the Rnq1-GFP foci during cell growth
(Supplementary Fig. §2).

Retention of [PSI'] phenotype after the dispersion
of the foci

The disappearance of the foci during cell growth raised
the question of whether the yeast cells reverted to the
non-prion [psi”] phenotype during the experimental
manipulations, since we cannot distinguish between cells
without foci and [psi7] cells, because both display diffuse
green fluorescence. Thus, we investigated whether the |
cells maintained the [PSI*] phenotype using several
approaches. First, a classical genetic test using a [PSI*]-
mediated nonsense suppression was conducted (Cox -
1965). Typically, [PSI"] cells grow in medium lacking
adenine (SC-Ade) and the colonies appear white on SC
medium, whereas [psi7] cells cannot grow in SC-Ade
and the colonies appear red on SC. Under conditions in
which the foci disappeared, the colony color was white,
and the cells were viable on SC-Ade (Fig. 2A), indicating
that the [PSI"] phenotype was maintained after the foci
disappeared. Secondly, we developed a nonsense sup-
pression assay to distinguish the prion phenotype in

© 2006 The Authors
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Figure 1 Dynamics of the Sup35NM-GFP foci in individual living cells detected using the on-chip cultivation system. (A, B) Time-
lapse imaging of living [PSI"] cells cultured in (A) SC medium and (B) an isotonic nutrient-free buffer. Phase contrast (Ph) and fuorescent
images are shown. After the formation of Sup35NM-GFP foci induced by SC containing galactose, the medium was exchanged to SC
or the isotonic buffer. Images show single z-sections, but we confirmed the absence of the foci in all z-sections when the foci disappeared
in the section being observed. (C) Foci size measurements in individual [PSI"] cells cultured in SC (closed symbols) or isotonic buffer
(open symbols). Cross-sectional areas of the fluorescent foci were digitally determined. Sizes of the foci at 0 min from the medium
exchange were set to 100%. (D) The Sup35NM-GFP fusion protein was not degraded during the observation time. The cultured [PSI7]
cells in rich medium were collected before (~) and after (0, 2, 4 h) the induction of Sup35NM-GFP. After cell lysis, the lysates were
separated by 10% SDS-PAGE. Sup35NM-GFP and a loading control, enolase were detected with anti-Sup35NM serum and anti-yeast
enolase serum, respectively. Only the bands of Sup35NM-GFP are shown.
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individual living cells, as shown schematically in Fig. 2B.
[PSI"] cells were transformed with a plasmid encoding
a Cu*’-inducible monomeric red fluorescent protein
(mRFP) (Campbell et al. 2002), with an N-terminal
nuclear localization signal (NLS-mRFP) and a stop codon
in the coding region, to monitor nonsense suppression.
Although this fluorescent reporter assay is similar to that
developed by Satpute-Krishnan & Serio (2005) using
GST-DsRed fusion protein, our assay system results in an
accumulation of red fluorescence in the nucleus in
[PSI'] cells. After the foci disappeared in [PSI*] cells (as
shown in Fig. 1A), the addition of Cu** resulted in red
fluorescence in more than 10% of the nuclei, whereas no
red fluorescence was observed in [psi7] cells (Fig. 2C).
Finally, the punctate foci reappeared when Sup35-GFP
was re-induced (Fig. 2D}, indicating that the nucleating
sites of the foci were not lost in cells after the foci disap-
peared. Moreover, Fig. 2D also shows the appearance of
the foci in the daughter cell at almost same time as when
the foci re-appeared in the mother cell, indicating that the
nucleating sites are transmitted from the mother to
daughter cell. We conclude that the [PSI*] prion pheno-
type was maintained in cells even in the absence of foci,
and therefore we refer to the [PSI'] cells without foci as
[PSI*(—foci)] cells.

Fluorescence correlation spectroscopy (FCS) to
analyze the size of prion aggregates in living cells

Next, we measured the size of the diffused Sup35-GFP
aggregates in the [PSI”(—foci)] cells by exploiting

Figure 2 Maintenance of the [PSI'] phenotype after
disappearance of the foci. (A) Conventional assay for nonsense
suppressor phenotype. Yeast cells were plated on either SC or SC
without adenine (SC-Ade) plates. Photographs were taken after
cultivation for 3 days at 30 °C.The [psi7] cells were also plated as
a control. (B,C) Single-cell read-through assay. (B) Schematic
representation of the assay. A stop codon was introduced in a Cu*'-
inducible monomeric RFP fused to an N-terminal nuclear
localization signal (NLS-mRRFP). After induction of the NLS-
mRFP, the [PSI']-dependent read-through leads to the
accumulation of red fuorescence in the nucleus. (C) Typical
results of the read-through assay. In the [PSI*} cells, Cu™ was
added after the Sup35-GFP foci disappeared. (D) Re-appearance
of the Sup35-GFP foci. First, [PSI™] cells bearing Auorescent foci
were cultured in SC medium to allow the foci to disappear, as
shown in Fig. 1A. After confirmation of the disappearance, the
medium was exchanged to SC containing galactose to induce
Sup35-GFP To show the re-appearance of foci, which appeared
at almost the same time in both daughter and mother cells, two
fluorescent images at different focal planes are shown from
345 min.

© 2006 The Authors
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fluorescence correlation spectroscopy (FCS). FCS is a
technique to determine the diffusion times of fluorescence
molecules by calculating the autocorrelation function in
a microscopic detection volume under 107 L (1 fem-
toliter) defined by a tightly focused laser beam and
pinhole (Lippincott-Schwartz ef al. 2001; Hess et al.
2002), providing us an estimation of the size of aggregates.
Since FCS 15 usually combined with confocal laser scan-
ning microscopy (LSM), we can define the detection
volume at any position of interest inside a living cell in a
non-invasive manner (Lippincott-Schwartz et al.
2001; Hess et al. 2002).

Prior to the application of FCS to the yeast prion, we
tested whether FCS is applicable to living yeast cells since
published FCS data are not available for the budding
yeast system. Typical fluorescence autocorrelation func-
tions (FAFs) of monomeric GFP (not fused to Sup35) in
yeast lysates (solutions) and living cells of [PSI*] and [ psi7]
are shown in Fig. 3A. FAFs of monomeric GFP in the
lysates of [PSI"] and [psi7] were well fitted by an one-
component model. Estimated diffusion times of mono-
meric GFP in the lysates (=80 LLs) were consistent with those
described in a previous FCS result (Saito et al. 2003).
Compared with the FAFs of GFP in lysates, FAFs of GFP
in living cells were shifted to the right, indicating slower
diffusional mobility within the cell, which was mainly due
to the high viscosity of the yeast cytoplasm. Diffusion
profiles of GEP molecules in [PSI™] and | psi7] cells were
almost the same, reflecting indistinguishable viscosities in
the cytoplasm of [PSI*] and [psi7]. FAFs of GFP in the cell
were fitted by a two-component model. More than 90%
of the species were fast-moving, corresponding to the mono-
meric form of GFP with diffusion times of 300-400 us.

After confirming that FCS was applicable to living
yeast cells, we measured the fluorescence fluctuations of
Sup35-GFP in the cytoplasm of individual cells (Fig. 3B).
The autocorrelation decays of Sup35-GFP in [psiT] cells
(Fig. 3B) were almost the same as those in cells express-
ing the GFP monomer alone (Fig. 3A), indicating that
the {psi7] cells contain mostly monomers ot Sup35-GFP.
In [PSI(+foci)] cells, we focused the laser on a cyto-
plasmic region lacking foci. We could not determine the
diffusion profiles of the foci themselves. The principle
of FCS, in which only freely diffusing molecules are
subjects for the measurements, does not allow the meas-
urement of virtually immobilized molecules, such as the
foci. The autocorrelation decays of the [PSI"(+foci)]
cells exhibited slower profiles than those of the [psiT]
cells, indicating that the Sup35-GFP species in
[PSI*(+foci)] cells were much larger than those in [ psiT]
cells. We then measured the autocorrelation functions
of [PSI'(—foci)] cells and found that the autocorrelation
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Figure 3 Fluorescence  correlation  spectroscopy  (FCS)
measurement  of yeast prion aggregates. (A) Normalized

autocorrelation curves of monomeric GFP (not fused with
Sup35NM) in lysates and living yeast cells. Diffusion profiles of
GFP in the lysates and cytoplasm of [psi] and [PSI™] cells were
measured. The autocorrelation curves in the lysates and cells are
fitted by one-component model and rwo-component model,
respectively (dotted lines). The ratios of diffusion times in the cells
(major component) to those in the lysates (solutions) (T../T.),
which allows calculation of the apparent viscosity ratio, T/ My
(Equation 4 in Experimental procedures), were approximately 4.3
for {psi] cell and 5.5 for [PSI] cell, respectively. (B) Normalized
autocorrelation curves of Sup35-GFP in living yeast cells.
Diffusion profiles of Sup35-GFP in the cytoplasm of [psiT],

Genes to Cells (2006) 11, 1085-1096

profiles of [PSI"(—foci)] cells were indistinguishable
from those of [PSI*(+foci)] cells (Fig. 3B). Moreover, we
also examined other [PSI'] cells, [GPSI'], in which GFP
is inserted between the N and M domains of the endo-
genous Sup35 (Sup35-NGMC) (Song et al. 2005; Wu et al.
2005), with FCS. Again, the Sup35-NGMC in [GPSI]
cells was larger than that in [GpsiT] cells, confirming that
endogenous Sup35 also exists in an oligomeric state
(Supplementary Fig. S3). These results indicate that the
larger species, referred to here as diffuse oligomers, are
dispersed in the cytoplasm of [PSIT] cells, regardless of
the presence of foci.

In addition to the live cell FCS analyses, in vitro FCS
measurements using the cell lysates also gave different
diffusion profiles between [PSI*] and [psi”] (Fig. 3C). We
found that the Sup35-GFP molecules in the [PSI"] lysate
moved much more slowly than those in the [psi7] lysate
(Fig. 3C), indicating that larger aggregates of Sup35-
GFP exist in the [PST] lysate. Since a recent biochemical
analysis using agarose gel electrophoresis suggested that
relatively small Sup35 oligomers are responsible for prion
propagation (Kryndushkin et al. 2003), we analyzed the
lysates by electrophoresis. As described by Kryndushkin
et al. (2003), we also observed 740—4200 kDa Sup35-GFP
oligomers in the [PSI'] lysate (Fig. 3C inset, lane 1),
which were almost entirely removed by centrifugation
at 300 kg for 25 min (Fig. 3C inset, lane 2). In the FCS
analysis, the supernatant of the centrifuged sample shifted
the diffusion profile of the [PSI"] lysate to the left, and
it almost overlapped with the [psi7] lysate (Fig. 3C). There-
fore, we concluded that the slower diffusion of Sup35-
GFP in the [PSI*] lysate was due to the 740-4200 kDa
oligomers identified by the electrophoresis.

Direct observation of the oligomer-based
transmission to the daughter cells revealed by
time-lapse FCS

The non-invasive character of FCS allowed us to focus
the laser in daughter cells. We developed a time-lapse
FCS system, using the on-chip cultivation system to

[PSI*(+foci)], and [PSI'(—foci)] cells were measured. The
mean * standard deviations of six independent measurements arc
shown. (C) Comparison of FCS data with aggregate size measured
by semidenaturing agarose gel electrophoresis (inset) of yeast
lysates. Yeast lysates obtained from [PSI*] (lane 1) and [psi] (lane 3)
cells, and the supernatant from [PSI"] lysate centrifuged at 300 kg
(lane 2) were analyzed either by FCS or by electrophoresis.
Andi-Sup35NM was used for Western blotting detection. The
arrowhead shows the position of the Sup35-GFP monomer. In
each panel, the amplitudes of autocorrelation functions were
normalized to 2 in order to easily compare the diffusion profiles.
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Figure 4 Transmission of the diffuse
oligomers from mother to daughter cell.
(A) Autocorrelation functions of mother
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microculture system was used to cultivate

yeast cells. FCS data of a single [PSI”

(+foci)] cell were repeatedly measured PR 24

during the cell growth. The formation of ’ ' ' A

the [PSI*(+foci)] cell was as in Fig. 1A. 2.2 l’!{,l', living cells .
Images in insets show the confocal and = l ~—— mother

. . . £ a0l [Psr] -
light microscopic images (merged) of the © —— daughter
growing yeast cell used for the time-lapse T 18l

FCS analysis. The cross hairs (+) show the .g .

positions of the FCS measurements. The ® 1.6}

averaged autocorrelation function of g 1al
Sup35-GFP in [psi7] cells is shown as a z i
reference (dotted line). (B) Averaged 12+ il
autocorrelation functions of Sup35-GFP R i

in the mother (blue) and daughter (red) 1.0 * el L s
[PSI™] cells. FCS data were mc:sured after 10° 10’ 10° 10’ 10 10 10
the appearance of the foci. Time (us)

measure the size of the Sup35-GFP in the daughter cells
mmediately after transmission from the mother [PSI7)
cells. Autocorrelation functions of both the mother and
daughter cells were measured as the [PSI*(+foci)] cell
was budding (Fig. 4A), under the conditions shown
in Fig. 1A). Strikingly, the autocorrelation function of
Sup35-GFP in the daughter cell in an early budding step
(Fig 4A, 100 min) was almost the same as that in the
mother cell, indicating that the diffuse oligomers are
transmissible to daughter cells. On average, the diffusion
profiles of Sup35-GFP in the daughter cells were almost

© 2006 The Authors

identical to those of the mother [PSI”] cells (Fig. 4B).
These time-lapse FCS results, combined with the
retention of the nucleating sites in the daughter cells
(Fig. 2D), demonstrate that the oligomeric species
dispersed in the mother cells are directly transmitted to
their daughter cells.

Discussion

Since prions are propagating proteins, how the prion
entity is transmitted from cell to cell is central to prion

Genes to Cells (2006) 11, 1085-1096
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biology. To address the central question, we took two
powertul approaches, an on-chip microcultivation sys-
tem and FCS. The introduction of the two single-cell
approaches enabled us to visualize the dynamic nature of
prion entities, which cannot be extracted from the
experiments based on ensembles of cells in a population.
Furthermore, using the tme-lapse FCS technique, we
directly observed the oligomer-based transmission of yeast
prion from the mother to the daughter cell. Although
some earlier studies have described the related 1ssue we
focused in this study, we consider that our study has
decisive advances over the earlier studies as discussed below.

Previous ensemble experiments have suggested that
the fluorescent foci are not responsible for [PSI7]
(Borchsenius ef al. 2001; Wegrzyn et al. 2001; Zhou et al.
2001; Song et al. 2005; Wu et al. 2005). Using the single-
cell approaches we directly demonstrated that this is the
case. In addition, we clearly observed that the dynamics
of the foci, in which the foci were dispersed into the
cytoplasm during the cell growth. Relating to this issue,
Wu et al. (2005) have recently reported the dynamics of
the Sup35-GFP foci after the addition of guanidine HC],
which is known to cure [PSI"]. Our single-cell analysis
of Sup35 aggregates clearly revealed that, even in the
absence of guanidine HCI, the foci dynamically dispersed
into the oligomers, which are large enough to maintain
their phenotypical characteristics.

The general understanding on the foci based on the
ensemble experiments is one of logical consequences,
and thus there is some confusion in the earlier papers.
For example, one of the papers has suggested that the
foci are dead-end products (Wegrzyn et al. 2001) which
is obviously contrary to our conclusion. Another is that
the descriptions of the fluorescent foci in two recent
publications by the same authors have been different
(Song et al. 2005; Wu et al. 2005). The confusion was
settled by our clear-cut observations, providing further
progress in the prion field.

The findings that the “visible” aggregates (the foci) are
not necessary for the prion propagation, suggested by the
previous papers, would imply the potential importance
of the “invisible” species. We successfully extracted
information from the “invisible” entities by using state-
of-the-art FCS technique. Dynamical character of the
“invisible” fluorescent molecules in cells can be also
measured by other technique, fluorescent recovery after
photobleaching (FRAP), which has been already applied
to Sup35-GFP analysis (Song et al. 2005; W et al. 2005).
FCS has several advantages such as high sensitivity, broad
dynamic range and potential quantitative analysis, com-
pared to FRAP, In partcular, FCS has a potential to measure
a total number of fluorescent molecules contained in the

Genes to Cells (2006) 11, 1085-1096

defined volume, although we did not analyze it because
of several technical difficulties at present status. In the
near future, FCS is promising to quantitate the number
of the prion entities, leading to a direct demonstration
of previously estimated number of propagating entities
called propagons (Eaglestone er al. 2000; Cox et al.
2003).

Since FCS enables us to extract the information on
the prion entities even in living cells, we can investigate
the propagating prions at the molecular level. A growing
number of studies have analyzed the prion aggregates in
the lysates using the semidenaturing agarose gel electro-
phoresis (Kryndushkin et al. 2003; Bagriantsev & Liebman
2004; Salnikova et al. 2005; Borchsenius et al. 2006;
Shkundina et al. 2006). As shown in Fig. 3, FCS analyses
shown here provided a link between the in vivo and in vitio
observations, and shed new light on the relationship
between the altered conformations and the phenotype in
living cells. One of the most intriguing questions is that
the size of the diffused oligomers in vivo. Although FCS
can approach this important question by fitting the
autocorrelation curves, we have failed to obtain reliable
values on the sizes of the oligomers, due to possible
heterogeneous populations with unknown shape of the
oligomers. Relating to this question, purified Sup35 easily
forms long fibrils that can reach a length longer than
the diameter of a yeast cell (e.g. Glover et al. 1997;
Inoue et al. 2001b), but so far, such filaments have not
been observed in vivo. Future quantitative FCS analysis,
such as a distribution analysis of diffusion constants,
might provide answers for several basic questions about
the sizes and shapes of Sup38 aggregates inside the living
cells.

The conclusions presented here are not restricted to
yeast prions, but are also related to recent studies on other
protein aggregates. The dynamic nature of polyglutamine
aggregates has been reported (Kim et al. 2002), and there
is a growing body of evidence that the inherent toxicity
of protein aggregates is caused by the oligomeric forms,
not large aggregates (Bucciantini ef al. 2002; Kayed et al.
2003; Cleary et al. 2005; Silveira et al. 2005). The single-
cell approach described here is a useful tool for further
characterization of the oligomeric forms of proteins
inside living cells, which 1s essential to understand the
cellular function of the protein aggregates.

Experimental procedures

Yeast strains and media

The strains used in this study were 74-1D694 (MATa ade1-14 leu2-
3112 his3-A200 trp1-289 ura3-52 [PSI) or [psi7]). Standard rich
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medium (YPD) and synthetic complete medium (using Difco
yeast nitrogen base) lacking leucine (SC-Leu), lacking uracil (SC-
Ura), and lacking leucine and uracil (SC-Leu-Ura) were used
(Sherman 2002). SRaf-Leu and SRaf-Leu-Ura media contained
2% raffinose instead of glucose. To induce expression of the GAL?
and CUP1 promoters, galactose and CuSO, were added to final
concentrations of 2% and 50 Wm, respectively. Yeast strains were

grown at 30 °C.

Plasmids

The yeast plasmid YCp-GAL1p-SUP35 (NM)-GEP [LEUZ},
expressing the Sup35NM domain conjugated to GFP by the
galactose inducible GALT promoter, was previously described
(Ayano er al. 2004). To analyze nonsense suppression at a single-
cell level, the yeast plasmid YCp-CUP1-NLS-mRFP [URA3)
containing nonsense mutations was constructed, To construct
YCp-CUPI-NLS-mRFP, we introduced nonsense mutations
into pRSET-B-mRFP (a gift from Dr Roger Tsien) with the
QuikChange™ Site-directed Mutagenesis Kit (Stratagene)
using the two sets of primer pairs: mRFP-ochre-E GAGGAC-
GTCATCAAGTAATTCATGCGCTTCAAG, mRFP-ochre-
R, CTTGAAGCGCATGAATTACTTGATGACGTCCTC
and  mRFP-opal-E  GAGGACGTCATCAAGTGATTCAT
GCGCTTCAAG, mRFEP-opal-R, CTTGAAGCGCATG-
AATCACTTGATGACGTCCTC and mRFP-amber-E GAG-
GACGTCATCAAGTAGTTCATGCGCTTCAAG, mRFP-
amber-R, CTTGAAGCGCATGAACTACTTGATGACGTC-
CTC (underlines are nonsense mutations), and digested them
with BamHI and EcoRI. The resulting BamHI-EcoR1 fragments
were inserted into the yeast plasmid YCp-CUPI1p (King 2001)
digested with BamHI1 and EcR] (YCp-CUP1p-mREP). The
NLS (Nuclear location signal) sequence amplified from the yeast
plasmid pYO2568 (a gift from Dr Yoshikazu Ohya) with the two
sets of primer pairs: F-BamHINLSGAP, CGCGGATCCAT.
GGATAAAGC and R-BamHINLSGAD, GCGGGATCCC-
TCTTTTTTTG was digested with BamHI, and inserted into
YCp-CUP1p-mRFP The yeast plasmid YCp-CUP1p-SUP35
(NM)~-GFP [URA3J], expressing Sup35NM-GFP from a copper
inducible CUP1 promoter, is described below. The NM domain
region of the entire SUP35 ORF was amplified with primers
GCGGGATCCACAATGTCGGATTCAAACCA and CCG-
GCCGAGCTCTATCGTTAACAAC. The PCR. products were

- digested with BamHI and Sad and inserted intoYCp-CUP1p. The
GFP tragment was amplified with primers CCGAGCTCCCAT-
GGCTAGCAAAGGAGAAGAA and CCGGCCGAATTC-
. CCACCGCTGCCATG, digested with Sacl and EcwRlI, and
inserted into Y Cp-CUP1p-SUP35NM.

Single-cell imaging

The on-chip microculture system (Supplementary Fig, 1A) is the
same as that previously described (Ayano et al. 2004), except for
the microchamber design {Supplementary Fig, S1B), which was
designed for long-term cultivation of individual, isolated yeast
cells and for efficient exchange of fresh medium. The microculti-
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vation chamber array chip consisted of microchambers positioned
on 0.2-mm-thick glass slides. By enclosing the cells in the micro-
chambers, we were able to observe them in liquid medium for a
long time without them leaving the field of vision of the objective
lens (Inoue et al. 2001a; Umehara et al, 2003; Ayano et al. 2004).
The microchamber array, which was made of negative photo-
resist SU-8 10 (Microlithography Chemical Co. Newton, MA,
USAY), was photolighographically microfabricated on a glass slide
(Ayano et al. 2004). Each microchamber in the array was designed
with a surface area of 1500 um? and a 10-pm-high wall. The cul-
tivation system was used with a bright-field optical microscopy
system (IX-70 inverted microscopy with a 100x objective
lens, Olympus) with a cooled CCD camera (ORCA II-ER,
Hamamatsu Photonics) to obtain phase contrast (or differential
interference contrast) and fluorescent images. A 10 puL aliquot of
a 1 mg/mL bovine serum albumin solution was spread on the
microchamber array plate, to prevent the cells from adhering to
the microchamber surface. After a 10 min incubation, 10 pL of'a
mid-log phase yeast culture was dispensed on to the microcham-
ber array plate. The cover was then placed on the microchamber
array plate and sealed with polydimethylsiloxane (Dow Corning,
Midland, M1, USA). The covered chamber was then connected to
the medium tanks and positioned on the stage of the microscope,

During on-chip cultivation, fresh medium was continuously
supplied to the chamber system at constant rate of 1 mL/min by
a peristaltic pump. A syringe was used for the immediate exchange
of ‘medium. Yeast cells were grown in SC-Leu. To induce the
expression of Sup35SNM-GFP, 2% galactose was used instead of
2% glucose in synthetic medium (SGal-Leu). To stop yeast growth,
an isotonic nutrient-free buffer (10 mm potassium phosphate,
pH 7.0 and 1.2 M sorbitol) was used. The temperature of the
system was maintained at 30 °C throughout the observations bya
heated chamber surrounding the microscope.

Nonsense suppressor analysis

For the conventional nonsense suppressor analysis, yeast cells
with or without Sup35-GFP foci were plated on SC-Leu and
SC-Leu-Ade for 3 days (Serio et al. 1999). For the single-cell
translational read-through assay, [PSI?] cells bearing Sup35-GFP
foci were transferred to a culture without the inducer (CuS0,).
After the disappearance of the GFP-Sup35 foci, NLS-mR FP con-
taining a nonsense mutation (from theYCp-CUP1p-NLS-mRFP
plasmid) was induced by adding 50 mm CuSO,. The appearance
of mRFP in the nucleus was observed by fluorescence microscopy
(IX-71 inverted microscope with an objective lens, X100,
Olympus) at 10 h postinduction,

Cell lysis

Yeast strains containing YCp-GAL1p-SUP35(NM)~GFP were
grown to mid-log phase in SRaf-Leu. After 2% galactose was

“added, the yeast were incubated for 4 h at 30 °C. Cells were

collected by centrifugation, broken with glass beads (Sigma) by
vortexing for 1 min at 4 °C in lysis buffer (50 mm Tris-HC),
pH 75, 5mm MgCl,, 10 mm KCL 0.1 mm EDTA, pH 8.0,
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1 mm DTT, Complete™ protease inhibitor cocktail EDTA-free
(Roche)), and incubated for 2 min on ice. This procedure was

repeated for 4-6 cycles. The crude lysates were clarified by
centrifugation.

Semi-denaturing agarose gel electrophoresis

Yeast lysates were incubated in sample buffer (0.5x TAE, 2% SDS,
5% glycerol and 0.05% bromophenol blue) for 5 min at 37 °C
(Kryndushkin et al. 2003), and were fractionated by electrophoresis

using horizontal 1.8% agarose gels in Tris-Acetate-EDTA (TAE)
buffer containing 0.1% SDS.

Western blotting

Proteins were transferred to a polyvinylidene fluoride membrane
(Immobilon™, MILLIPORE) and were analyzed by Western
blotting. The bound antibody (anti-GFP antibody, a gift from
Dr Takayoshi Kuano, anti-Sup35 peptide antibody (Patino et al.
1996), and anti-yeast enolase antibody, a gift from Dr Hidetoshi
lida) was detected using by chemiluminescence (ECL, Amersham
Biosciences).

Fluorescence correlation spectroscopy

FCS measurements wete all performed at 25 °C with a ContoCor
2 (Carl Zeiss) microscope as described (Saito et al. 2003; Weisshart
et al. 2004). GFP fluorescence was excited at 488 nm with 2 6.3
micro W in total power by adjusting the acousto-optical tunable filter
(AOTF) to 0.1%. The fluorescence autocorrelation functions
(FAF; G(1)), from which the average residence time () and the
absolute number of fluorescent proteins in the detection volume
are calculated, are obtained as follows:

Ui + 1

Glt) =
W= or

(eq. 1)
where [{t + 1) is the fluorescence intensity obtained by the single
photon counting method in a detection volume at a delay time 1
(brackets denote ensemble averages). The curve fitting for the
multicomponent model is given by:

G(1)=1+—11—J—'Zyi(1+%) (1+——Lj ‘

eq. 2
ey (eq. 2)

where y; and 1; are the fraction and the diffusion time of the com-
ponent i, respectively, N is the number of Auorescent molecules in
the detection volume defined by the beam waist w, and the axial
radius z,, 5 is the structure parameter representing the ratio of w,
and z,. The detection volume made by w, and z, was approxi-
mated to that of a cylinder.

All FAFs in aqueous solutions were measured three times for
30s at 5 intervals. In the case of intracellular measurements,
FAFs were measured one or three times for 15s. The effect of
photobleaching on FCS analysis was minimized by lowering the
excitation intensity and by selecting cells with a low to medium
GFP expression level. The measurement position was chosen in
the confocal image. Because the optical paths of laser-scanning
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microscopy (LSM) and FCS are not the same, the real position of
the FCS measurement was tuned to the position on the LSM

images with a cover glass coated with dried rhodamine 6G

(Rh6G), which was the protocol provided by the manufacturer

(Weisshart et al. 2004). Immediately after each FCS measurement,

the cell was again imaged by LSM and checked for displacement.

In cases where a cell appeared to have moved, the measurements

were discarded. The detection pinhole for FCS was fixed to

a diameter of 70 m and the cmission was recorded through a

505-550 nm band pass filter for measurements on living cells.

All measured FAFs were fitted by the software installed on the

ConfoCor 2 system using the model (eq. 2). FAFs of monomeric

GFP in aqueous solution were fitted by a one-component model

(i = 1). FAFs of monomeric GFP in living cells and of Sup35-GFP~
in solutions and living cells were fitted by a two-component
model (i = 2) to estimate a fraction of oligomers. The pinhole

adjustment of the FCS setup, the structure parameter, and the”
detection volume were calibrated for 488 nm excitation each day

with a Rh6G solution at a concentration of 107 m.

Average values of the structure parameter, ranging from 4 to 8,
were fixed for FCS analysis throughéut this study. The diffusion
time of component i, T, is related to the translational diffusion
constant D of component i by

w?
Kb (eq. 3)

The diffusion of a spherical molecule is related to various
physical parameters by the Stokes-Einstein equation as follows.

(A Knl (eq 4)

6T

where T is the absolute temperature, r, is the hydrodynamic radius
of the spherical molecule, 1 is the fluid-phase viscosity of the
solvent, and ¥, is the Boltzman constant. Because T, is proportional
to viscosity, the relative viscosity (T./Tuwion) €an be easily
estimated.
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